The removal of Ni 2+ from aqueous solution by iron nanoparticles encapsulated by graphitic layers (Fe@G) was investigated. Nanoparticles Fe@G were prepared by chemical vapor deposition CVD process using methane as a carbon source and nanocrystalline iron. . The adsorption kinetics was found to follow pseudo-second-order kinetic model. Thermodynamics parameters, ΔHO, ΔGO and ΔSO, were calculated, indicating that the adsorption of Ni 2+ onto Fe@G was spontaneous and endothermic in nature.
The removal of Ni 2+ from aqueous solution by iron nanoparticles encapsulated by graphitic layers (Fe@G) was investigated. Nanoparticles Fe@G were prepared by chemical vapor deposition CVD process using methane as a carbon source and nanocrystalline iron. The properties of Fe@G were characterized by X-ray Diffraction method (XRD) . The experimental data fi tted well with the Langmuir model with a monolayer adsorption capacity of 9.20 mg g
INTRODUCTION
Heavy metals belong to one of the most serious environment pollutants today. Unlike organic contaminants, heavy metals are not biodegradable and can lead to accumulation in living organisms, causing various diseases and disorders. Therefore, in recent years, many investigations have focused on the removal of heavy metals from water 1- 8 . One of the more important toxic heavy metals present in water and wastewaters is nickel. It is widely used in a wide variety of industries such as metal plating and cadmium-nickel battery, galvanizing, smelting, mining, pigments, stabilizers and alloys. The nickel salts are known to be acutely and chronically toxic to human. Acute poisoning of Ni 2+ causes headache, dizziness, nausea, and tightness of the chest, chest pain, shortness of breath, dry cough, cyanosis, and extreme weakness. At higher concentrations it is a potent carcinogen and causes cancer of lungs, nose and bone 9 . Therefore, it becomes essential to remove the nickel ions from wastewaters. A number of specialized processes have been developed for the removal of Ni 2+ from water and waste discharges. Fe@G was obtained by chemical vapor deposition CVD process using methane as a carbon source and nanocrystalline iron. The synthesis was conducted in the fl ow tubular reactor with thermogravimetric measurement of mass changes. Nanocrystalline iron was obtained by fusion of magnetite with small amounts of promoter oxides (Al 2 O 3 , K 2 O and CaO), followed by reduction with hydrogen. Details of the nanocrystalline iron preparation are given in work 35 . The nanocrystalline iron was placed in the platinum basket and in the fi rst stage was reduced polythermally by hydrogen with the rate of 15 o C/min. In the second stage, the synthesis of nanocomposite was performed by carburization of nanocrystalline iron by methane under atmospheric pressure at 650 o C. The process was carried out to the carburization degree n C /n Fe = 19, where n C /n Fe is the ratio of the numer of carbon moles to iron moles in the carbon-iron system. Afterwards the sample was cooled to the room temperature under methane atmosphere.
The phase composition of the Fe@G was determined using the X-ray diffraction method (X'Pert PRO Philips diffractometer) using a CuKα radiation. The morphology of the adsorbent was investigated by high-resolution transmission electron microscopy HRTEM using a FEI Tecnai F20. The Fe@G was analyzed for their BET--specifi c surface area and pore-size distribution using an Quadrasorb SI Quantachrome analyzer. The functional groups on the Fe@G surface were determined using fourier transform infrared FTIR method (Nicolet iS5 FT-IR Spectrometer, Thermo Scientifi c). The zeta potential of sample was determined by a Malvern Instrument Zetasizer 2000 at room temperature. All solutions were prepared with deionized water.
Adsorption experiments
Adsorption experiments were carried out in Erlenmeyer fl ask, where the solution (150 mL) with initial Ni 2+ concentration was placed. Initial concentrations of Ni 2+ were varied from 1 to 20 mg L -1 . The fl ask with Ni 2+ solution was sealed and placed in a temperature controlled shaking water bath (Grant OLS26 Aqua Pro, Grant Instruments Ltd) and agitated at a constant speed of 160 rpm. To observe the effect of temperature the experiments were carried out at three different temperatures, i.e., 20, 40 and 60 o C. Before mixing with the adsorbent, various pH levels of the solution was adjusted by adding a few drops of diluted hydrochloric acid (0.1 N HCl) or sodium hydroxide (0.1 N NaOH). When the desired temperature was reached, about 40 mg of Fe@G was added into fl ask. At the end of the equilibrium period 1 ml of aqueous sample was taken from the solution, and the liquid was separated from the adsorbent magnetically. The determination of Ni 2+ concentration was done spectrophotometrically (GE-NESYS 10S UV-VIS Spectrometer, Thermo Scientifi c) at 530 nm using the dimethylglyoxime method 36 . The amount of Ni 2+ adsorbed at equilibrium qe (mg g -1 ) was calculated by following equation:
(1) where C 0 (mg L -1 ) is the initial Ni 2+ concentration, C e (mg L -1 ) the Ni 2+ concentration at equilibrium, V (L) the volume of the solution and m (g) is the mass of the adsorbent.
The procedures of kinetic experiments were identical with those of equilibrium tests. At predetermined moments, aqueous samples were taken from the solution, the liquid was separated from the adsorbent and concentration of Ni 2+ in solution was determined spectrophotometrically. The amount of Ni 2+ adsorbed at time t q t (mg g -1 ) was calculated by following equation:
where C t (mg L -1 ) the Ni 2+ concentration at any time t. Each experiment was carried out in duplicate and the average results are presented. The kinetic and isotherm models were evaluated by the linear correlation coeffi cient (R 2 ).
RESULTS AND DISCUSSION
Characterization of the adsorbent Figure 2 . It can be seen that the nanoparticles are composed of a metallic iron core and a carbon shell. Figure 2 also reveals that the sheets are well graphitized and the interlayer spacing of the shell is about 0.34 nm, which is consistent with the d value of (002) plane of hexagonal graphite 37 . Taking into account that the iron at room temperature is ferromagnetic, Fe@G nanocomposite was easily removable from aqueous solution by external magnetic fi eld (Fig. 3) . Figure 4 shows an EDX spectrum of Fe@G which reveals the presence of carbon from the shell and iron. The Cu peaks were from the copper grid. The BET surface area was found and the pore radius was 0.016 nm. Figure 5 shows the FTIR spectrum of Fe@G. The broad peak at 1080 cm -1
can be assigned to C-O stretching vibrations in ethers, alcohols, anhydrides, lactones or carboxylic acids
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. 42 . The zeta potentials of Fe@G were measured in water solution at pH in the range 3.5-11.0, and decreased from positive to negative values with increasing pH over the whole studied range (Fig. 6) .The pHpzc of Fe@G was found to be 7.70. More detailed analysis with Raman spectra and thermoprogrammable oxidation TPO profi le is described elsewhere 43 . 
Adsorption kinetics
The infl uence of initial concentration of Ni 2+ on its adsorption onto Fe@G was investigated in the concentration range 1-20 mg L -1 at pH 7.0 and 20 o C. The adsorption of the Ni 2+ onto Fe@G increased with time and then attained equilibrium value at a time of about 2 h (Fig. 7) . As seen in Figure 7 , the adsorption capacity at equilibrium increased from 2.96 to 8.78 mg g -1 , with the increase in the initial concentration of Ni 2+ from 1 to 20 mg L -1 . In order to investigate the adsorption mechanism of Ni 2+ onto Fe@G, two kinetic models, pseudo fi rst-order and pseudo-second-order kinetic model, were tested to fi nd the best fi tted model for the experimental data. The pseudo-fi rst-order model is represented by the following equation 44 : Figure 8 . The results of the kinetic data are listed in Table 1 . Based on the correlation coeffi cients, it can be said that the adsorption fi ts to the pseudo-second-order (R 2 = 0.999÷1) better than the pseudo-fi rst-order kinetic model (R 2 = 0.842÷0.951). Additionally, the experimental adsorption capacity q e,exp values were very close to the calculated adsorption capacity q e,cal values, verifying the high correlation of adsorption to the pseudo-second-order model. These facts suggest that the pseudo-second-order adsorption mechanism is predominant. Similar kinetic behavior has also been reported in the literature 28, 45 .
Adsorption isotherms
Adsorption isotherm models are fundamental in describing the interactive behavior between the adsorbate and adsorbents, and are important for investigating mechanisms of adsorption. Two well known models, namely the Langmuir and Freundlich models, were used to analyze the experimental data.
The Langmuir's isotherm model is represented by the following linear equation 46 : (5) where C e (mg L -1 ) is the equilibrium concentration of the adsorbate, q e (mg g -1 ) is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, Q 0 (mg g -1 ) is the monolayer adsorption capacity and b (L mg -1 ) is a constant related to energy of adsorption. The values of Q 0 and b were calculated from the slope and intercept of the linear plot C e /q e versus C e . The plot of C e /q e versus C e at 20 o C is shown in Figure 9a . The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless equilibrium parameter (R L ), which is defi ned by the following equation: The linear form of Freundlich equation can be expressed as follows: (7) where q e (mg g -1 ) is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, K F (mg g -1 (L mg -1 ) 1/n ) and n are Freundlich constants, which represent adsorption capacity and adsorption strength, respectively and C e (mg L -1 ) is the equilibrium concentration of the adsorbate. The values of K F and n were calculated from the slope and intercept of the linear plot ln q e versus ln C e (Fig. 9b) . The calculated Langmuir and Freundlich constants and their corresponding linear regression correlation coeffi cient values R 2 are given in Table 2 . As − . Therefore, the adsorption of Ni 2+ onto Fe@G surface is lower at higher pH.
Effect of temperature
The effect of temperature on equilibrium adsorption of Ni 2+ onto Fe@G was studied for three temperatures of 20, 40, and 60 o C, at 10 mg L -1 initial Ni 2+ concentraseen, the experimental data better fi t Langmuir model (R 2 = 0.998) than the Freundlich model (R 2 = 0.974). Additionally, it was observed that the maximum monolayer adsorption capacity Q O of Fe@G for Ni 2+ was found to be 9.20 mg g -1 . Table 3 lists and compares the maximum monolayer adsorption capacity of Ni 2+ on various adsorbents.
Effect of pH
The effect of the initial pH on the adsorption capacity of Ni 2+ is shown in Figure 10 . As shown in Figure 10 , with the pH value of the solution increased from 4.0 to 8.2, the adsorption capacity increased from 4.55 to 9.33 mg g -1 , and then decreased continuously from 9.33 to 5.81 mg g -1 with the increase of the pH from 8.2 to 11.0. The pHpzc of Fe@G was found to be 7.70. At pH values lower than pHpzc the surface of Fe@G is positively charged. At acidic pH, carboxylic groups are protonated to the cationic form (-COOH 2 + ) and repulsive interaction between the adsorbent surface and the nickel ions take place. As the pH increases, the numer of positively charged sites decreases and the numer of negatively charged sites increases. At pH>pHpzc carboxylic groups dissociate to anionic form (-COO -), which increases the number of fi xed ionized groups and generates electrostatic attraction force with Ni 2+ . However, with further increasing pH from 8.2 to 11.0, the adsorption capacity of Ni 2+ decreased. Decrease in adsorption capacity at higher pH is probably due to formation of soluble hydroxy complexes. Nickel tion and pH 7.0. As shown in Figure 11a , the adsorption capacity of Ni 2+ increased at higher temperatures, which indicates that adsorption in this system was an endothermic process. ) were calculated from the slope and intercept of van't Hoff plot of ln q e /C e versus 1/T (Fig. 11b) 
CONCLUSIONS
The adsorption of Ni 2+ onto Fe@G from aqueous solutions was investigated under various conditions. The prepared adsorbent with the adsorbed pollutants can be easily separated by using an external magnetic fi eld. The adsorption kinetics was best in accordance with the pseudo-second-order kinetic model. Langmuir isotherm was better to fi t the experimental data compared with the Freundlich model. The monolayer adsorption capacity was found to be 9.20 mg g -1 . 
